Dielectric resonator antenna (DRA) mounted on cylindrical ground plane is investigated for handheld RFID reader applications at 5.8 GHz. The simplicity of the structure makes it practical in terms of cost, space, and ease of fabrication. The radiation characteristics of the antenna in free space and in the presence of a proposed compact reader device model and human hand are calculated. The antenna is circularly polarized and exhibits peak gain of 7.62 dB at 5.8 GHz with high front to back ratio of 15.5 dB. Using the same reader device model, a sequentially feeding 2×2 DRA array mounted on the same cylindrical ground plane is used for RFID reader antenna at 5.8 GHz. The array introduces high gain of 9.36 dB at 5.8 GHz with high front to back ratio of 10.48 dB. The 2×2 DRA array elements exhibit circular polarization over a frequency band of 1.1 GHz. The axial ratio is 1.1 dB at 5.8 GHz. The proposed reader model is simple and has a small size compared with that in the case of planar ground plane. The results are calculated using the finite element method (FEM) and compared with that calculated using the finite integral technique (FIT).
Introduction
Radio Frequency Identification (RFID) is a wireless technology which uses radio waves to automatically identify people or objects [1] [2] [3] . RFID has many advantages over the conventional automatic identification systems like long readable range, multiple access, high data rate, easy read/write functions, and so on. An RFID system consists of a reader, a tag and a computer system. The reader is used to transmit radio frequency (RF) waves. These waves are received by the passive tag's antenna and used to power up the internal circuitry of the passive tag. The passive tag will modulate the waves generated by the reader in order to transmit its data back to the reader. The reader receives the modulated waves and converts them into digital data to be identified. The computer system is used for data handling and processing data. RFID systems typically use one of the frequency ranges: 125 KHz, 13.56 MHz, 868 MHz, 928 MHz, 2.45 GHz and 5.8 GHz. RFID applications at microwave frequencies of 5.8 GHz are tracking/ identification of goods, containers and packages, electronic seals, toll systems, fleet management, and pharmaceutical applications [1] .
The RFID readers can be classified according to their application into two types, fixed reader type and handheld reader type. The reader antenna is an important component in the RFID system. Antennas for fixed RFID readers can be relatively large with high gain and low side lobe level such as antenna arrays [4] . Array antennas exhibit a narrower beamwidth and can implement beam scanning or switching-beam capabilities, so allowing for reading-rate rising, collision mitigation, item location finding in large and crowded environments [5, 6] . Antennas for handheld readers must be compact low profile, small size, lightweight, high gain, and high front-to-back ratio such as helical antenna, microstip antenna and printed antennas [7] [8] [9] . The RFID reader antenna has been designed with circularly polarized (CP) operation. CP for the reader antennas in transmission is preferred because the tag antenna (which is linearly polarized) will receive enough power from the transmitter irrespective of its orientation. Handheld antennas are likely to be close to the human body. Therefore, for the associated health issue, the high front-to-back ratio can prevent users from exposure to any intense back radiation in a handheld application [7] .
Dielectric resonator antennas (DRAs) have been widely used in many applications especially in satellite communications, mobile communications and RFID systems. Advantages of these antennas include small size, light weight, low profile, high gain, high radiation efficiency due to the absence of conduction or surface wave losses, ease of excitation and wide bandwidth [10] [11] [12] . Various shapes of DRAs are available, these include cylindrical, half-cylindrical, hemispherical, rectangular, triangular, etc. A circularly polarized cylindrical dielectric resonator antenna for portable RFID reader using a single feed has been investigated in [13] . The radiation characteristics of the antenna in the presence of a reader device and a human hand model have been introduced. In previous studies, the radiation characteristics of the DRA mounted on a planar ground plane structures have been investigated in [10] . The radiation characteristics of the DRA mounted on or embedded in curved ground plane structures with different shapes have been investigated in [14] [15] [16] . Sometimes placing the DRA over a curved ground plane helps to reduce the total size of the reader device than that of a planar ground plane case.
In this paper, a DRA mounted on cylindrical ground plane is investigated for handheld RFID reader applications at 5.8 GHz. The finite element method (FEM) is used to design and analyze the radiation characteristics of the proposed DRA antenna [17] . The results calculated using the FEM are compared with that calculated using the finite integration technique (FIT) [18] , which is basically different from the FEM technique.
The sequentially feeding technique is applied in order to improve the antenna gain and circular polarization of the DRA. Figure. 1 illustrates the top and side views of the DRA element. The DRA antenna has a square cross section with length a, and height Hd=10.2 mm, where a/Hd=1.25. The DRA material has a dielectric constant εr =9.4. Two triangles are removed from two corners along one diagonal of the square DRA with side length, C= 5.3 mm. By cutting the two corners of the DRA, two orthogonal modes are generated to produce circular polarization [19] . A coaxial feeding probe located off the DRA center by a distance df =5.1 mm, height hf of 5.1 mm and radius of 0.15 mm is used to excite the DRA element. The dimensions of the DRA element are designed to operate at the RFID frequency 5.8 GHz. The DRA element is mounted on a circular cylindrical ground plane with length Lg=110 mm, and radius of curvature Rg=27.5 mm as shown in Fig.1 .
Numerical Results

Antenna configuration
The simulated reflection coefficient, S11, and the input impedance versus the operating frequency are shown in Fig.2 . The results are calculated using the FEM and compared with those calculated by the FIT. The two sets of results agree well with each other. The antenna exhibits impedance matching bandwidth of 1.5 GHz with 50 Ω coaxial cable (from 5 GHz to 6.5 GHz for S11 ≤ -10 dB). The axial ratio, AR, and antenna gain variations with frequency are illustrated in Fig.3 . The antenna produces circular polarization with bandwidth (AR<3 dB) 2.6 % (150 MHz) with respect to the center frequency at 5.8 GHz. The cone angle within which the AR is less than 3 dB is about 41 o in both the x-z and x-y planes at 5.8 GHz. The antenna gain varies from 4.88 dB to 5.18 dB over the RFID band from 5.65 GHz to 5.95 GHz. Figure 4 shows the simulated circular polarization radiation patterns components left-hand EL, and right-hand ER, for the antenna at resonant frequency 5.8 GHz. The presence of the perfectly conducting cylindrical ground plane results in high front to back ratio of 14.5 dB in both the x-z and x-y planes. The ratio of EL to ER components is 17 dB at θ=90 o in x-z plane. [20] are presented in Table 1 . The presented model is designed to obtain a main beam in the x-axis direction. The proposed handheld reader device is more compact in thickness (6.3 cm) compared to the reader model presented in [21] with thickness of (9.8 cm).
The reader is designed to reduce the electromagnetic radiation in the back direction towards the human operator and reduces the effect of the reader device and human operator on the radiation characteristics of the antenna. The hand position will be always in the direction of the back radiation from the antenna at a distance behind the ground plane. Figure 6 shows the simulated reflection coefficient of the structure and the input impedance against the frequency. The impedance matching range for the reflection coefficient is less than -10 dB from 5 GHz up to 6.5 GHz resulting in frequency bandwidth more than 1.5 GHz (25.86%). The circular polarization characteristics of the antenna in the presence of the reader device and human hand model are investigated. Figure 9 shows 2×2 DRA array mounted on cylindrical ground plane structure in free space with, Lg=55 mm, and radius Rg=55 mm. The arc distance between the centres of the adjacent elements is λ/2 in order to reduce the mutual coupling between them [19] . In order to increase the circular polarization bandwidth and gain of the DRA array elements the sequential feeding technique is applied [22] .
2×2 DRA Array
In the sequential feeding technique, each element is fed uniformly in power amplitude. The four element array proposed to enhance the circular polarization transmission can be considered as two sub-arrays with each sub-array consists of two dielectric resonators placed on the same diagonal of the square that they are positioned at its corners. The two elements of one of the sub-arrays is fed with 0° phase and the elements of the other sub-array are fed with 90° phase as shown in Fig. 10 . The four elements are identical, but the two of the 0° phased array are similarly oriented, and the other two elements of the second sub-array are rotated 90 ° in space. If each element is represented by an infinitesimal dipole, the system becomes two perpendicular sub-arrays, with each sub-array is producing a field perpendicular in space to the field produced by the second and different by 90° in phase. As all the elements are fed with signal s of equal magnitude, the two sub-arrays produce equal magnitude fields at the same point in the broadside direction (x-direction), but are perpendicular in space and having 90° difference in phase. Thus, a circularly polarized resultant field is radiated in the broadside direction. This resultant field is having an axial symmetry around the x-axis because of the physical symmetry of the four elements around the x-axis, and also having a wide bandwidth because of the wideband of the dielectric resonator elements.
The computed frequency response of the reflection coefficient and the input impeda nce at each port are shown in Fig.11 . The antenna array has good impedance matching covering most of the operating frequency band up from 5 GHz. The frequency response of the axial ratio and the antenna gain are illustrated in Fig.12 . It is clearly seen that the bandwidth, determined for 3 dB axial ratio, is 21.6 % (1.25 GHz). The cone angle within which the AR is less than 3 dB is about 103 o and 53 o in the x-z and x-y planes at 5.8 GHz respectively. The antenna gain ranges from 6 dB at 4.5 GHz to 10.5 dB at 6.5 GHz, and from 10.63 to 10.8 dB over the whole RFID band.
The simulated far-field radiation patterns of both EL and ER for the designed antenna at resonant frequency 5.8 GHz is shown in Fig.13 . The presence of the perfectly conducting ground plane results in high front to back ratio of 17.28 dB in both the x-y and x-z planes, also, the EL to ER ratio is 15.7dB at the resonance frequency. This indicates that the array structure has enhanced the performance in all aspects. . of that used with a single DRA element presented in section 2.2, while the reader model presented in [21] require to double the size of the reader in order to fit the DRA elements (15×16×19.6 cm 3 ). The presented model is designed to obtain the main beam in the x-axis direction. Fig.14.b. shows the simulated reflection coefficient of the 2×2 DRA elements mounted on the reader device in the presence of a human hand model. The impedance matching bandwidth range for return loss less than -10 dB is 5 GHz up to 6.5 GHz resulting in frequency bandwidth more than 1.5 GHz (26%). Figure 15 shows the simulated AR in the direction of the main beam versus frequency. 3-dB AR bandwidth of 5.4 GHz up to 6.5 GHz or 19 % relative to the resonance frequency is obtained. The simulated boresight gain is illustrated in the same figure. The gain is 9.36 dB at 5.8 GHz. Figure 16 shows the far-field radiation patterns of both copolarized EL and cross-polarized ER field components for the designed antenna at resonant frequency of 5.8 GHz. The front to back ratio is 10.48 dB. Thus the presences of the reader device and human hand model have little effect on the radiation characteristics of the DRA. Thus with the proposed reader device and antenna arrangement, the size and other simulated human hand model parameters have no effect on the antenna performance. The EL to ER ratio is 23.8 dB at the resonance frequency. Thus in the previous models the impedance bandwidths, gain, AR bandwidth, front to back ratio and EL to ER ratio are quite suitable for the RFID reader applications.
Conclusions
A circularly polarized dielectric resonator antenna mounted on a cylindrical metallic ground plane for handheld RFID reader at 5.8 GHz is proposed. The radiation characteristics of the antenna are investigated. The results are calculated using FEM and compared with that calculated using FIT for verification. The antenna exhibits impedance matching bandwidth of 1.5 GHz with AR<3 dB covering 150 MHz. The radiation characteristics of the antenna in the presence of a handheld reader device and human hand model are investigated. The proposed reader model is compact in size, and the antenna gain is increased to 7.62 dB at 5.8 GHz. The sequential feeding technique is applied to 2×2 DRA array elements in order to increase the antenna gain and circular polarization bandwidth. The radiation characteristics of the 2×2 DRA array are investigated in the presence of the reader device. The antenna gain is 9.36 dB with front to back ratio of 10.48 dB at 5.8 GHz. The presences of the reader device and human hand model have little effect on the radiation characteristics of the DRA antenna as they are located in the back direction of the antenna. Awadalla," Radiation characteristics of cylindrical dielectric resonator antenna mounted on superquadric cylindrical Body," Electrical and Electronic Table 1 , at f=5.8 GHz.
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